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Abstract 21 
The presence of a high level of dissolved methane (e.g., 20 – 26 g m-3) in the 22 
anaerobic sludge digestion liquor represents a major challenge to the treatment of this 23 
stream, as its emission to the atmosphere contributes significantly to the carbon 24 
footprint of wastewater treatment. Here we propose a new approach to simultaneous 25 
ammonium and dissolved methane removal from the anaerobic digestion liquor 26 
through integrating partial nitritation-Anammox and denitrifying anaerobic methane 27 
oxidation (DAMO) processes in a single-stage membrane biofilm reactor (MBfR). In 28 
such an MBfR, the anaerobic digestion liquor is provided in the bulk liquid, while 29 
oxygen is supplied through gas-permeable membranes to avoid dissolved methane 30 
stripping. A previously developed model with appropriate extensions was applied to 31 
assess the system performance under different operational conditions and the 32 
corresponding microbial interactions. Both influent surface loading (or hydraulic 33 
retention time) and oxygen surface loading are found to significantly influence the 34 
total nitrogen (TN) and dissolved methane removal, which jointly determine the 35 
overall system performance. The counter diffusion and concentration gradients of 36 
substrates cause microbial stratification in the biofilm, where ammonia-oxidizing 37 
bacteria (AOB) attach close to the membrane surface (biofilm base) where oxygen 38 
and ammonium are available, while Anammox and DAMO microorganisms jointly 39 
grow in the biofilm layer close to the bulk liquid where methane, ammonium, and 40 
nitrite are available with the latter produced by AOB. These results provide first 41 
insights and useful information for the design and operation of this new technology 42 
for simultaneous ammonium and dissolved methane removal in its potential future 43 
applications. 44 
 45 
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Keywords: Dissolved methane removal; denitrifying anaerobic methane oxidation; 46 
Anammox; membrane biofilm reactor; mathematical modeling. 47 
 48 
1. Introduction 49 
For the purpose of bioenergy recovery, anaerobic digestion of wasted activated 50 
sludge and in some cases primary sludge as well is commonly practiced at wastewater 51 
treatment plants (WWTPs) to produce methane as a renewable energy source. The 52 
effluent anaerobic digestion liquor contains a high concentration of ammonium (500 – 53 
1500 mg N L-1) (Wang et al. 2014), which can be effectively removed through an 54 
autotrophic process combining partial nitritation and anaerobic ammonium oxidation 55 
(Anammox) (Joss et al. 2009, Kartal et al. 2010, Lotti et al. 2014, van der Star et al. 56 
2007). In this process, ammonia-oxidizing bacteria (AOB) oxidize approximately half 57 
the ammonium to nitrite, while Anammox bacteria autotrophically convert the formed 58 
nitrite and the remaining ammonium to nitrogen gas, with limited nitrate produced in 59 
the effluent. However, in addition to ammonium, some of the produced methane 60 
(CH4) remains dissolved in the anaerobic digestion liquor (up to 26 g CH4 m-3 61 
depending on the temperature and methane partial pressure) (Bandara et al. 2011, 62 
Daelman et al. 2012, Hartley and Lant 2006), which will be subject to stripping 63 
during aeration in the partial nitritation process. Methane is a potent greenhouse gas 64 
with a warming potential about 34 times that of carbon dioxide (CO2) on a 100-year 65 
horizon (IPCC 2013). Therefore, these methane emissions would cause a significant 66 
increase in the carbon footprint of WWTPs (Daelman et al. 2014). Previous studies 67 
have clearly shown that methane from WWTP could account for 13.5% – 31% of 68 
plant carbon footprint, exceeding the carbon dioxide contribution from electricity and 69 
natural gas consumption (Daelman et al. 2014, Daelman et al. 2013).  70 
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The recent discovery of denitrifying anaerobic methane oxidation (DAMO) 71 
microorganisms (Raghoebarsing et al. 2006) offers a promising alternative to 72 
potentially achieving the simultaneous removal of ammonium and methane efficiently 73 
(Chen et al. 2014). DAMO archaea are able to reduce nitrate to nitrite with methane 74 
as the electron donor (Haroon et al. 2013), while DAMO bacteria are capable of 75 
converting nitrite to nitrogen gas using electrons derived from methane oxidation 76 
(Ettwig et al. 2010). By coupling DAMO with Anammox, DAMO microorganisms 77 
would consume methane whilst further contributing to the total nitrogen (TN) 78 
removal (Chen et al. 2014, Shi et al. 2013). Considering the slow growth rates and 79 
long doubling times of both Anammox bacteria (Jetten et al. 1997, Strous et al. 1998) 80 
and DAMO microorganisms (Ettwig et al. 2009, Kampman et al. 2012), the 81 
membrane biofilm reactor (MBfR) systems have been considered to be particularly 82 
suitable and successfully applied to co-culture Anammox bacteria and DAMO 83 
microorganisms recently (Shi et al. 2013). By growing microorganisms directly on the 84 
membranes, counter diffusing fluxes of gas and dissolved substrates are generated, 85 
resulting in controlled redox stratification of the biofilm in the MBfR, which not only 86 
ensures a high microbial density but also provides a protected niche for 87 
microorganisms of distinct physiological properties (Martin and Nerenberg 2012, 88 
Syron and Casey 2008).  89 
Shi et al. (2013) successfully developed an Anammox-DAMO biofilm in a lab-90 
scale MBfR system for enhancing nitrogen removal, by providing gaseous methane as 91 
an external carbon source through membranes. However, such design requires partial 92 
nitritation first to convert ammonium to nitrite, which would have the dissolved 93 
methane stripped during aeration; therefore it is not suitable for dissolved methane 94 
removal from the anaerobic digestion liquor. Winkler et al. (2015) proposed the 95 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
5 
 
concept of simultaneous removal of ammonium and methane from the anaerobic 96 
digestion liquor through the coexistence of Anammox bacteria and DAMO bacteria in 97 
a granular sludge reactor. However, the challenge in the application of this concept is 98 
that the preceding partial nitritation step to yield the desired nitrite/ammonium 99 
mixture would also strip methane from the liquid phase. 100 
Therefore, we hereby propose a novel MBfR system integrating partial 101 
nitritation-Anammox and DAMO processes for simultaneous ammonium and 102 
dissolved methane removal from the anaerobic digestion liquor, in which oxygen is 103 
supplied through gas-permeable membranes that also serve as biofilm support, while 104 
the anaerobic digestion liquor with ammonium and dissolved methane is provided in 105 
the bulk liquid, as shown in Figure 1. The counter diffusion of gas and liquid 106 
substrates not only provides an efficient oxygen transfer and a more flexible system 107 
control strategy, but also successfully manages to avoid dissolved methane stripping. 108 
Due to the slow growth rates of both Anammox and DAMO microorganisms, 109 
experimental work aiming at process understanding and optimization can be very 110 
time-consuming. Mathematical models are useful tools to study new processes and 111 
provide strong support for the understanding and optimization of new technologies as 112 
already demonstrated previously (Hao et al. 2002, Ni et al. 2013, Ni and Yuan 2013, 113 
Volcke et al. 2010, Winkler et al. 2015). The main objective of this work is to assess 114 
the conceptual feasibility of simultaneous ammonium and dissolved methane removal 115 
from the anaerobic digestion liquor through integrating partial nitritation-Anammox-116 
DAMO process in a single-stage MBfR using mathematical modeling. A multi-117 
species and multi-substrate biofilm model was applied to investigate the impacts of a 118 
wide range of operational parameters, including influent surface loading (or hydraulic 119 
retention time (HRT)), oxygen surface loading, and biofilm thickness, on the system 120 
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performance and microbial community structure of the MBfR using previously well-121 
established biokinetics of nitrifying (Terada et al. 2007, Wiesmann 1994), Anammox 122 
(Hao et al. 2002, Koch et al. 2000, Strous et al. 1998), and DAMO microorganisms 123 
(Chen et al. 2014) in the simulation study. The results of this work are expected to 124 
provide first insights and useful information for the design and operation of such new 125 
technology for simultaneous ammonium and dissolved methane removal. 126 
 127 
2. Materials and Methods 128 
The simulated MBfR in this work has a working volume of 1 m3 with a 129 
completely mixed liquid phase. The bulk volume and biofilm surface area of the 130 
reactor are 0.96 m3 and 235 m2, respectively, resulting in a surface to volume ratio of 131 
245 m2 m-3. Gas-permeable membranes used for oxygen supply and biofilm 132 
attachment have about 0.04 m3 gas volume inside the membrane lumen. This reactor 133 
setup is similar to the one used by Ni and Yuan (2013). Compressed air is supplied in 134 
flow-through mode to the membrane module. The applied gas pressure into the 135 
membrane lumen is adjusted in the range of 10 to 120 kPa to control the flux of 136 
oxygen to the biofilm, with the gas flow rate constantly set at 0.8 m3 d-1. A 137 
wastewater feed containing ammonium and dissolved methane of 1 g N L-1 and 100 g 138 
COD m-3 mimicking the similar substrate conditions in the anaerobic digestion liquor 139 
(Bandara et al. 2011, Daelman et al. 2014, Law et al. 2011, Winkler et al. 2015), 140 
respectively, is supplied to the bulk liquid phase with a flow rate varying from 0.12 to 141 
0.24 m3 d-1, thus resulting in different influent surface loadings of 0.0005 – 0.001 m d-142 
1
 which correspond to HRTs of 4 to 8 days.  143 
A multi-species and multi-substrate one-dimensional biofilm model is 144 
constructed using the software AQUASIM 2.1d (Reichert 1998) to simulate the 145 
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bioconversion processes and microbial community structure in the MBfR (more 146 
details can be found in the Supporting Information (SI)). A biochemical reaction 147 
model extended from the model developed by Chen et al. (2014) is applied to describe 148 
the metabolisms and interactions of AOB, nitrite-oxidizing bacteria (NOB), 149 
Anammox bacteria, and DAMO microorganisms. The kinetics and stoichiometry of 150 
the proposed biochemical reaction model are summarized in Tables S1 and S2 in the 151 
SI. The biochemical reaction model describes the relationships among six particulate 152 
species, namely AOB (with concentration denoted as XAOB), NOB (XNOB), DAMO 153 
archaea (XDa), DAMO bacteria (XDb), Anammox bacteria (XAn) and inert biomass (XI), 154 
and six soluble species, namely ammonium ( ), nitrite ( ), nitrate ( ), 155 
dinitrogen ( ), methane ( ) and oxygen ( ). Both growth and endogenous 156 
respiration processes are considered for each species. Kinetic control of all the 157 
microbial reaction rates is described by the Monod equation. The rate of each reaction 158 
is modeled by an explicit function of the concentrations of all substrates involved in 159 
the reaction. The endogenous respiration is divided into aerobic and anoxic processes, 160 
with the latter modeled with inclusion of an anoxic reduction factor (Terada et al. 161 
2007). Similar to previous studies (Chen et al. 2014, Ni and Yuan 2013, Terada et al. 162 
2007), anoxic endogenous respiration on nitrate rather than nitrite is considered in this 163 
model. 164 
The inhibition of oxygen on the activities of Anammox (Terada et al. 2007) and 165 
DAMO (Lopes et al. 2011) microorganisms as well as the inhibition of nitrite on the 166 
activities of Anammox (Lotti et al. 2012) and DAMO (He et al. 2013) 167 
microorganisms are included in the model through incorporating non-competitive 168 
inhibition functions of oxygen and nitrite into the corresponding kinetic rate 169 
expressions (Table S1 in the SI). The growth of heterotrophic bacteria on 170 
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biodegradable decay products in the MBfR is minimal compared to that of DAMO 171 
and Anammox microorganisms (Shi et al., 2013). Therefore, they are not represented 172 
in the model of this study. The aerobic methanotrophic organisms could also be 173 
possibly fostered in the inner layer of the biofilm where oxygen is available. The 174 
aerobic methane oxidation process is initially modeled, but shows little effect on the 175 
results for the scenarios tested due to the fact that methane and oxygen are provided 176 
separately and distributed within different layers of the biofilm, and is therefore 177 
omitted to reduce the complexity of the model. 178 
The previously well-established parameter values of nitrifying (Terada et al. 2007, 179 
Wiesmann 1994), Anammox (Hao et al. 2002, Koch et al. 2000, Strous et al. 1998), 180 
and DAMO microorganisms (Chen et al. 2014) that have been verified by 181 
experimental data are used in this simulation study. In particular, the parameters 182 
describing DAMO archaea and bacteria were established using long-term (over 400 183 
days) experimental data from an MBfR with coculture of Anammox and DAMO 184 
microorganisms (Chen et al. 2014). The parameter values obtained were generally 185 
robust in their ability to predict methane, ammonium, nitrite, and nitrate dynamics. 186 
The validity of the parameters used was also confirmed by independent batch 187 
experimental data with the biofilm coculture of DAMO and Anammox 188 
microorganisms (Chen et al. 2014). The successful application of these biokinetics to 189 
the MBfR system indicates that the parameter values are applicable to the coupling 190 
DAMO and Anammox biofilm system, and thus are used in this simulation work at a 191 
temperature of about 25 oC. Table S3 in the SI shows the definitions, values, units, 192 
and sources of all parameters used in the bioreaction model. 193 
Model simulations are then performed under different operational conditions to 194 
evaluate the implementation of the partial nitritation-Anammox-DAMO process in the 195 
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MBfR. Five different scenarios are considered in this work, as shown in Table S4 in 196 
the SI. The first simulation scenario (Scenario 0 of Table S4) is performed at the 197 
influent flow rate of 0.16 m3 d-1, giving rise to an influent surface loading (	
) of 198 
0.00068 m d-1 (i.e., an HRT of 6 days). The applied oxygen surface loading (	) and 199 
biofilm thickness (	) are 1.74 g m-2 d-1 and 750 µm, respectively. The mechanisms 200 
behind the process performance are then analyzed with the generated depth profiles of 201 
substrates and microbial community distribution and species-specific nitrogen 202 
conversion rates in the MBfR biofilm. Scenarios 1 – 3 in Table S4 investigate the 203 
effects of 	
, 	, and 	 on the removal efficiencies of TN and dissolved methane 204 
and the microbial structure of the MBfR biofilm at steady state, respectively. The 205 
parameter combinations are chosen systematically over wide ranges of 	
 (0.0005 – 206 
0.001 m d-1), 	 (1 – 2 g m-2 d-1), and 	 (350 – 1250 µm). Scenario 4 in Table S4 207 
examines the joint impact of 	
 (0.0005 – 0.001 m d-1) and 	 (1 – 2 g m-2 d-1) on 208 
the process performance and optimizes the operation of the MBfR to achieve the 209 
simultaneous removal of ammonium and dissolved methane from the anaerobic 210 
digestion liquor. 211 
For each simulation scenario, the initial concentrations of all soluble components 212 
are assumed to be zero in the biofilm and in the bulk liquid. An average biofilm 213 
thickness is applied in the model without consideration of its variation with locations. 214 
The thickness of the boundary layer between the liquid phase and biofilm is set as 100 215 
µm, irrespective of biofilm thickness. The initial conditions for all simulations assume 216 
a biofilm thickness of 20 µm. Simulations are typically run for up to 1000 days in 217 
order to reach steady-state conditions in terms of effluent concentrations, biomass 218 
compositions in biofilm, and biofilm thickness. The steady-state TN and dissolved 219 
methane removal efficiencies are used as the gauge to evaluate the performance of the 220 
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MBfR. 221 
 222 
3. Results 223 
 224 
3.1. Simultaneous ammonium and dissolved methane removal 225 
The influent and effluent characteristics and system performance at the steady 226 
state of the MBfR under the operational conditions of Scenario 0 (Table S4) are 227 
shown in Table S5 in the SI. The influent ammonium (1000 g N m-3) and dissolved 228 
methane (100 g COD m-3) are significantly removed by the MBfR successfully, with 229 
concentrations of 4.9 g N m-3 and 6.6 g COD m-3 in the effluent, respectively. The 230 
resulting ammonium, TN, and dissolved methane removal efficiencies are up to 231 
99.5%, 95.9%, and 93.4%, respectively. These results demonstrate the potential 232 
feasibility of the proposed approach to simultaneous ammonium and dissolved 233 
methane removal from the anaerobic digestion liquor. 234 
For better understanding of the simulation results, a sensitivity analysis is 235 
performed using the AQUASIM built-in algorithms to investigate the most 236 
determinant biokinetic parameters on the performance of the proposed MBfR system 237 
in terms of nitrogen and dissolved methane removal. The results in Figure S1 of the SI 238 
indicate that the dissolved methane removal efficiency is more sensitive to model 239 
parameters, compared to the TN removal efficiency. The most sensitive parameters 240 
are the maximum growth rates of DAMO archaea () and DAMO bacteria (), 241 
methane affinity constants for DAMO archaea ( ) and DAMO bacteria ( ), 242 
and yield coefficient for Anammox bacteria ( ). These parameters should be 243 
accurately determined in the application of the model.  244 
 245 
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3.2. Microbial community structure and substrate profiles in the biofilm  246 
The steady-state microbial population distribution and the concentration profiles 247 
of NH4+, NO2-, NO3-, dissolved oxygen (DO), and CH4 as well as the species-specific 248 
nitrogen turnover rates within the biofilm of the MBfR under the operational 249 
conditions of Scenario 0 (Table S4) are shown in Figure 2. AOB are dominant at the 250 
base of the biofilm from 0 to 150 µm. In contrast, Anammox bacteria dominate the 251 
outer layer of the biofilm from 225 µm to 750 µm in symbiosis with DAMO bacteria. 252 
The inert biomass is the dominant form of solids in the middle but widely distributed 253 
across the whole biofilm, while there is only very small amount of DAMO archaea 254 
existing in the outer layer of the biofilm (Figure 2A). The associated substrate profiles 255 
within the biofilm are shown in Figure 2B. DO quickly decreases in the inner layer of 256 
the biofilm from 0 to 150 µm due to its consumption by AOB, which is consistent 257 
with the AOB distribution in Figure 2A. NH4+ concentration decreases from the 258 
surface to the base of the biofilm, while an opposite trend is observed for NO2-, which 259 
drops below 0.01 g N m-3 at the biofilm thickness of 525 µm. The nitrate produced by 260 
Anammox bacteria remains almost constant at 36.35 g N m-3 over the biofilm range 261 
because of the extremely low fraction of DAMO archaea in the biofilm under the 262 
simulation conditions of Scenario 0 (see Figure 2A). CH4 decreases mainly at the 263 
outer layer of the biofilm as the result of its consumption by DAMO microorganisms. 264 
As demonstrated in Figures 2A and 2B, the concentration gradients of DO, 265 
methane, ammonium, nitrite, and nitrate result in the microbial stratification in the 266 
biofilm of the MBfR integrating the partial nitritation-Anammox-DAMO process. 267 
AOB attach close to the membrane surface (dominant at the biofilm base from 0 to 268 
150 µm), where oxygen and ammonium are available, while Anammox and DAMO 269 
microorganisms mainly grow in the biofilm layer close to the bulk liquid (dominant at 270 
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the outer layer from 225 µm to 750 µm) where methane, ammonium, and nitrite are 271 
available with the last produced by AOB. The species-specific nitrogen turnover rates 272 
in Figure 2C follow the similar spatial distribution to the active biomass fraction 273 
profiles in Figure 2A, which further confirms the activity stratification in the multi-274 
species biofilm. Under the given operational conditions (Scenario 0 in Table S4), the 275 
observed removal efficiencies of TN and dissolved methane are 95.9% and 93.4%, 276 
respectively, with AOB, NOB, Anammox bacteria, DAMO archaea, and DAMO 277 
bacteria accounting for approximately ~49%, ~0.01%, ~48%, ~0.2%, and ~3% of the 278 
TN turnover. These findings show that the cooperation between AOB and Anammox 279 
bacteria contributes mostly to the TN removal, while DAMO bacteria play a 280 
significant role in the dissolved methane removal in the MBfR.  281 
 282 
3.3. Effect of influent surface loading on the TN and methane removal 283 
The impact of influent surface loading on the TN and dissolved methane removal, 284 
and the microbial abundance in the biofilm of the MBfR integrating the partial 285 
nitritation-Anammox-DAMO process (Scenario 1 in Table S4) is shown in Figure 3A. 286 
As the influent surface loading is below 0.00055 m d-1, neither TN nor dissolved 287 
methane would be removed from the system. With the increase of the influent surface 288 
loading to 0.0006 m d-1, the removal efficiencies of TN and dissolved methane 289 
increase significantly to 88.4% and 97.5%, respectively. Thereafter, the TN removal 290 
efficiency would decrease to 69.4% at the influent surface loading of 0.001 m d-1. In 291 
contrast, the dissolved methane removal efficiency would quickly decrease to zero at 292 
the influent surface loading of over 0.00075 m d-1. The existing small range (Figure 293 
3A) of influent surface loading for simultaneous removal of TN and dissolved 294 
methane demonstrates the important role of the influent surface loading in 295 
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determining the performance of the MBfR.  296 
The different influent surface loading largely affects the distribution of substrates 297 
(e.g., NH4+, CH4, and intermediate NO2- produced by AOB) for the involved 298 
microorganisms and hence shapes the distinct steady-state microbial structure in the 299 
biofilm, leading to the variations in the system performance. As shown in Figure 3A, 300 
AOB alone dominate the biofilm as the result of limited influent ammonium loading 301 
when the influent surface loading is relatively low (<0.00055 m d-1). The increase of 302 
the influent surface loading to 0.0006 m d-1 significantly alters the microbial structure 303 
in the biofilm, with the active biomass fractions of AOB, NOB, Anammox bacteria, 304 
DAMO archaea, and DAMO bacteria being ~20%, ~2%, ~72%, ~0.01%, and ~6%, 305 
respectively. NOB then disappear from the biofilm at the influent surface loading of 306 
0.0007 m d-1, while the fraction of Anammox bacteria increases to ~82%. Further 307 
increasing the influent surface loading favors the competition of Anammox bacteria 308 
against DAMO bacteria over the availability of intermediate nitrite. The fraction of 309 
Anammox bacteria, therefore, increases while that of DAMO bacteria decreases. At 310 
the influent surface loading of over 0.00075 m d-1, AOB and Anammox bacteria 311 
jointly dominate the biofilm with each accounting for 13% and 87% of the active 312 
biomass, respectively, while DAMO microorganisms become absent from the biofilm, 313 
resulting in the failure of methane removal. 314 
 315 
3.4. Effect of oxygen surface loading on the TN and methane removal 316 
The relationships between the oxygen surface loading and the system 317 
performance as well as the microbial structure in the steady-state biofilm (Scenario 2 318 
in Table S4) are delineated in Figure 3B. With the oxygen surface loading lower than 319 
1.56 g m-2 d-1, AOB and Anammox bacteria are dominant species in the biofilm. The 320 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
14 
 
abundance of AOB would slightly increase from 9% to 12% while that of Anammox 321 
bacteria decreases from 91% to 88% as the oxygen surface loading increases from 322 
1.00 to 1.56 g m-2 d-1. The corresponding TN removal efficiency gradually increases 323 
from 53.8% to 91.3%. However, the dissolved methane removal efficiency remains 324 
extremely low due to the absence of DAMO microorganisms in the biofilm (Figure 3 325 
B).  326 
Further increase of the oxygen surface loading stimulates the growth of AOB and 327 
hence the availability of the produced nitrite for DAMO bacteria. The resulting 328 
abundance of AOB and DAMO bacteria increases to 20% and 6%, respectively, at the 329 
oxygen surface loading of 1.83 g m-2 d-1. On the contrary, the abundance of 330 
Anammox bacteria decreases to 73% due to the competition against DAMO bacteria 331 
over the nitrite produced by AOB. As a result, the dissolved methane removal 332 
efficiency quickly rises to the maximum of 97.1%, while the TN removal efficiency 333 
keeps above 93.0% without significant change.  334 
However, the removal efficiencies of TN and dissolved methane would both 335 
abruptly drop to around zero once the oxygen surface loading exceeds 1.88 g m-2 d-1. 336 
Under these conditions of oxygen supply, both Anammox bacteria and DAMO 337 
bacteria are strongly inhibited by high DO concentrations in the biofilm, and the 338 
oxygen supplied is solely consumed by AOB. Therefore, the entire biofilm is 339 
dominated by AOB without significant existence of other microorganisms. These 340 
observations indicate the importance of proper operational control over the oxygen 341 
supply in balancing the microbial structure and regulating the performance of the 342 
integrated partial nitritation-Anammox-DAMO biofilm system.  343 
 344 
3.5. Effect of biofilm thickness on the TN and methane removal 345 
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The dependence of the system performance and microbial structure of the MBfR 346 
on the biofilm thickness (Scenario 3 in Table S4) is shown in Figure 3C. Under the 347 
simulation conditions, there clearly exists a critical biofilm thickness of 750 µm to 348 
achieve high-rate simultaneous removal of ammonium and dissolved methane from 349 
the anaerobic digestion liquor. Thin biofilm with a thickness of less than 750 µm 350 
favors the growth of AOB over other microorganisms, leading to an AOB-dominated 351 
biofilm with no removal of both TN and dissolved methane (Figure 3C). When the 352 
biofilm thickness reaches 750 µm, AOB, Anammox bacteria, and DAMO 353 
microorganisms coexist with each other in the MBfR biofilm. The active biomass 354 
fractions of AOB, NOB, Anammox bacteria, DAMO archaea, and DAMO bacteria 355 
are ~17%, ~0.01%, ~78%, ~0.2%, and ~5%, respectively, at the biofilm thickness of 356 
750 µm. The resulting removal efficiencies of TN and dissolved methane are 95.9% 357 
and 93.4%, respectively.  358 
Further increasing the biofilm thickness would decrease the fractions of AOB and 359 
DAMO microorganisms (both DAMO bacteria and archaea) and increase that of 360 
Anammox bacteria. Accordingly, the dissolved methane removal efficiency increases 361 
with the biofilm thickness and stabilizes above 96.0% at the biofilm thickness of more 362 
than 1050 µm. Nevertheless, as shown in Figure 3C, the increase of biofilm thickness 363 
to 1250 µm does not lead to a clear increase in the TN removal efficiency (the 364 
maximum removal efficiency reaches around 96.0%). Additional simulation results 365 
regarding the relationships between the removal performance of the MBfR and the 366 
influent/oxygen surface loadings at different biofilm thicknesses (Figure S2 in the SI) 367 
further confirm that only the MBfR with a biofilm thickness of over 750 µm has the 368 
capability of achieving high-level (>90%) simultaneous removal of TN and dissolved 369 
methane under the simulated conditions. The corresponding ranges of suitable 370 
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influent/oxygen surface loadings increase with the increasing biofilm thickness 371 
(Figure S2). All these results show that biofilm thickness control is also essential to 372 
set and maintain high removal efficiencies of TN and dissolved methane in the MBfR 373 
integrating the partial nitritation-Anammox-DAMO process. Though a thin biofilm 374 
fails to attain good removal efficiencies, a too thick biofilm with excessive biomass 375 
accumulation not only reduces the volumetric removal rates/capacity, but also builds 376 
up operational difficulties, such as mass transfer limitation and membrane clogging 377 
(Martin and Nerenberg 2012). Therefore, from the perspective of system operation, 378 
proper maintenance strategies (e.g., shear force control by recirculation or sparging) 379 
should be applied to keep a suitable biofilm thickness, e.g., 750 µm under the 380 
simulation condition of this work. 381 
 382 
4. Discussion 383 
 384 
4.1. Optimal operating conditions for simultaneous TN and dissolved methane 385 
removal by the partial nitritation-anammox-DAMO biofilm  386 
As demonstrated in Figure 3, the microbial community structure at a proper 387 
biofilm thickness (e.g., 750 µm) is jointly regulated by the applied influent 388 
(containing ammonium and dissolved methane) and oxygen surface loadings, which 389 
thus affects the overall performance of the MBfR for TN and dissolved methane 390 
removal. Scenario 4 in Table S4 is therefore designed to investigate the combined 391 
optimal operational conditions of the MBfR in terms of influent and oxygen surface 392 
loadings at a biofilm thickness of 750 µm in order to optimize the system 393 
performance. The influent surface loading is practically equivalent to HRT. Under the 394 
simulation conditions of fixed influent ammonium and dissolved methane 395 
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concentrations, HRT (e.g., 4 – 8 days) controlled by the influent flow rate is inversely 396 
proportional to the influent surface loading (e.g., 0.0005 – 0.001 m d-1). 397 
Figures 4A and 4B illustrate the TN removal efficiency of the steady-state partial 398 
nitritation-Anammox-DAMO biofilm system under the extensive simulation 399 
conditions of Scenario 4 (different combinations in Table S4). The region for high-400 
level TN removal (>90%) is limited to HRT of 4.75 – 8 days and 	 of 1.20 – 1.90 g 401 
m
-2
 d-1. The optimal LO2 for TN removal decreases with the increasing HRT. 402 
Extremely high LO2 at a certain HRT results in the failure of TN removal. Figures 4C 403 
and 4D demonstrate the dissolved methane removal efficiency of the steady-state 404 
MBfR under the simulation conditions of Scenario 4 (Table S4). There is no 405 
significant removal of dissolved methane with HRT below 5.25 days, and the optimal 406 
dissolved methane removal efficiency (> 90%) can be achieved at an HRT of more 407 
than 5.75 days. The suitable range of 	 for the optimal dissolved methane removal 408 
(>90%) increases with the increasing HRT. However, both too high and too low 	 409 
will cause the washout of DAMO microorganisms from the biofilm, hence resulting 410 
in the failure of dissolved methane removal.  411 
From the perspective of system operation for high-level (>90%) simultaneous 412 
removal of ammonium and dissolved methane from the anaerobic digester liquid, 413 
HRT and 	 should be controlled based on the highlighted optimal region (HRT of 414 
5.75 – 8 days and 	 of 1.25 – 1.85 g m
-2
 d-1) in Figures 4B and 4D. Under these 415 
optimal operating conditions in terms of HRT and 	, AOB, Anammox bacteria, and 416 
DAMO microorganisms coexist and stratify in the biofilm properly. 417 
It should be noted that the heterotrophic growth would potentially occur due to 418 
the small proportion of organic carbon in the anaerobic digestion liquor. An additional 419 
simulation scenario in consideration of heterotrophic growth (Lackner et al. 2008, 420 
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Mozumder et al. 2014) at an influent organic carbon concentration of 100 g COD m-3 421 
shows that the influent carbon source would lead to a small fraction of heterotrophic 422 
growth in the biofilm (~1% of the total active biomass) and a slight increase (~2%) in 423 
the TN removal efficiency without significant change of the dissolved methane 424 
removal efficiency (see Figure S3 in the SI). Therefore, the proposed approach to 425 
simultaneous ammonium and dissolved methane removal is still valid with possible 426 
presence of carbon source, due to its minor impacts on the overall microbial 427 
community structure as well as the TN and dissolved methane removal performance 428 
(Figure S3). The heterotrophic processes could be readily incorporated into the model 429 
if required. Heterotrophs may also grow using biomass decay products or soluble 430 
microbial products. However, the steady-state behavior of a similar one-stage reactor 431 
coupling partial nitritation and Anammox has confirmed the negligible impacts of the 432 
heterotrophic growth on biomass decay products (Mozumder et al. 2014). 433 
Furthermore, aerobic methanotrophs could potentially exist at the base of the biofilm, 434 
consume the residual methane diffusing from the bulk liquid, and compete against 435 
AOB over the oxygen supplied. However, aerobic methane oxidation would not play 436 
an important role in such a counter-diffusion system with methane and oxygen 437 
provided separately and distributed within different layers of the biofilm as well as the 438 
well-controlled DO concentration in the biofilm (0 – 0.3 g m-3), as verified by the 439 
simulation results in consideration of aerobic methane oxidation (Daelman et al., 440 
2014, Castro-Barros et al., 2015). Figure S4 in the SI clearly shows that the microbial 441 
distribution and the dissolved methane removal efficiency have no significant change, 442 
with aerobic methanotrophs only accounting for less than 0.5% of the total active 443 
biomass, which is consistent with the observations of Castro-Barros et al. (2015). 444 
Hence, the aerobic methane oxidation process is not specifically included in other 445 
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scenario simulations. Nevertheless, the presented model could be easily expanded to 446 
consider the aerobic methanotrophs if relevant. 447 
 448 
4.2. A novel and potential technology for simultaneous ammonium and dissolved 449 
methane removal from anaerobic digestion liquor 450 
The anaerobic digestion liquor is commonly inoculated into the inflow of the 451 
WWTP and mixed with the influent wastewater, which results in a net increase of the 452 
TN loading of up to 30% (Beylier et al. 2011). Therefore, a specific treatment for the 453 
anaerobic digestion liquor can improve the biological nitrogen removal efficiency 454 
(Beylier et al. 2011). The combination of partial nitritation and Anammox processes 455 
was previously proposed to be implemented at full scale to treat the anaerobic 456 
digestion liquor (Joss et al. 2009, Lackner et al. 2014, van der Star et al. 2007). 457 
However, the theoretically maximum TN removal efficiency is limited to 89% due to 458 
the nitrate production by Anammox bacteria (Khin and Annachhatre 2004, Strous et 459 
al. 1998). In addition, the Anammox process requires a specific molar 460 
nitrite/ammonium ratio of 1.32 (Khin and Annachhatre 2004), which entails an 461 
effective control over the partial nitritation process. More importantly, the dissolved 462 
methane in the anaerobic digestion liquor would be stripped due to the aeration in the 463 
partial nitritation process. The stripping of dissolved methane into the environment 464 
not only represents a loss of energy, but also contributes to the carbon footprint of the 465 
treatment plant (Daelman et al. 2012). From a global perspective, wastewater 466 
treatment was estimated to account for 4 – 5% of the total methane emission (Conrad 467 
2009, El-Fadel and Massoud 2001). So far, few efforts have been dedicated to 468 
investigating the removal of dissolved methane from the anaerobic digestion liquor. 469 
Membrane-based degasification (Bandara et al. 2012, Bandara et al. 2011) has been 470 
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found to be effective in recovering dissolved methane. However, in addition to the 471 
extra construction investment in such a membrane degasification module, the creation 472 
of the vacuum environment will greatly increase the plant energy consumption. 473 
Biological oxidation of dissolved methane using aerobic methanotrophs in the down-474 
flow hanging sponge (DHS) reactors is able to oxidize methane and release soluble 475 
organic compounds, which was proposed to remove dissolved methane from the 476 
anaerobic digestion liquor (Hatamoto et al. 2010, Matsuura et al. 2010). However, in 477 
addition to the dissolved methane removal, other treatment processes need to be 478 
coupled to the aerobic methane oxidation to remove ammonium from the anaerobic 479 
digestion liquor. Moreover, a significant amount of dissolved methane would still be 480 
stripped during aeration when using aerobic methanotrophs for methane oxidation.  481 
In this work, a new approach to simultaneous ammonium and dissolved methane 482 
removal from the anaerobic digestion liquor is proposed. To the best of our 483 
knowledge, this novel technology through integrating partial nitritation-Anammox-484 
DAMO process in a single MBfR is developed for the first time and its feasibility for 485 
achieving simultaneous ammonium and methane removal is assessed using 486 
mathematical modeling. The separation and counter-diffusion of gaseous and liquid 487 
fluxes of the MBfR not only render the controlled redox stratification of the biofilm, 488 
but also avoid the stripping of dissolved methane, which represents a significant 489 
advantage over the previous treatment processes. Such stratified activity as well as the 490 
cooperation between AOB and Anammox bacteria in the biofilm is essentially 491 
responsible for the high-level TN removal in membrane aerated biofilm systems, 492 
which is consistent with the findings of Terada et al. (2007) and Pellicer-Nacher et al. 493 
(2010). The results of this work reveal that the simultaneous removal of TN and 494 
dissolved methane is highly dependent on the relative abundance of Anammox and 495 
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DAMO bacteria in the biofilm, which was also confirmed in a granule-based system 496 
by Winkler et al. (2015). Their competition for intermediate nitrite produced by AOB 497 
would substantially determine the relative abundance. Our results (Figures 3 and 4) 498 
demonstrate that both a too high influent surface loading (e.g., >0.00075 m d-1) and a 499 
too low oxygen surface loading (e.g., <1.64 g m-2 d-1) would result in limited nitrite 500 
availability, and consequently DAMO bacteria would be mostly outcompeted by 501 
Anammox bacteria. Thus, appropriate control strategies derived from this work would 502 
benefit the operation of this novel MBfR system. By adjusting the HRT (i.e., influent 503 
surface loading) and oxygen surface loading whilst maintaining a sufficient and 504 
suitable biofilm thickness (e.g., Scenario 4 in Table S4), the maximum simultaneous 505 
removal efficiencies of TN and dissolved methane can reach up to 96% and 98% (as 506 
shown in Figure 4), respectively. With this new technology, the TN removal 507 
efficiency of the previously applied partial nitritation-Anammox process (89%) could 508 
be improved (e.g., up to 96%) due to the additional contribution from the DAMO 509 
microorganisms, together with a high-rate dissolved methane removal (e.g., 98%) 510 
simultaneously.  511 
We further assessed the concept feasibility by using a lower dissolved methane 512 
concentration (e.g., 30 g COD m-3) as it might vary in real application. The results 513 
show that a similar high dissolved methane removal efficiency (>90%) could be 514 
achieved, which is comparable with that at a high dissolved methane concentration 515 
condition (as shown in Figure S5 in the SI), suggesting the validity and applicability 516 
of the proposed approach to a wide range of dissolved methane concentrations 517 
possibly from different anaerobic digestion liquors. It should be noted that salinity or 518 
suspended solids are not specifically considered in this work, which might also play 519 
roles in real anaerobic digestion liquor. Further work on these relevant process 520 
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parameters would be useful for a more comprehensive understanding of the proposed 521 
system. 522 
 523 
5. Conclusions 524 
A new approach is proposed for simultaneous ammonium and dissolved methane 525 
removal from the anaerobic digestion liquor through integrating partial nitritation-526 
Anammox and DAMO processes in a single-stage MBfR. A previously developed 527 
model with appropriate extensions was applied to assess the system performance 528 
under different operational conditions. The simulation results demonstrate that the 529 
maximum simultaneous removal efficiencies of TN and dissolved methane can reach 530 
up to 96% and 98% by adjusting the HRT (or influent surface loading) and oxygen 531 
surface loading whilst maintaining a sufficient and suitable biofilm thickness (e.g., 532 
750 µm). The information of this work provides first insights into this new technology 533 
for simultaneous ammonium and dissolved methane removal. 534 
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Figure Legends 
 
Figure 1. Concept of the membrane biofilm reactor integrating partial nitritation-
Anammox-DAMO process for simultaneous ammonium and dissolved 
methane removal with the potential microbial interactions and biochemical 
reactions between AOB, Anammox bacteria, DAMO archaea, and DAMO 
bacteria in the biofilm.  
 
Figure 2. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system from Scenario 0 in Table S4 (depth zero represents the 
membrane surface at the base of the biofilm): (A) Microbial population 
distribution; (B) substrate profiles; and (C) species-specific nitrogen turnover 
rates. The applied influent surface loading (), oxygen surface loading (), 
and biofilm thickness () are 0.00068 m d-1, 1.74 g m-2 d-1, and 750 µm, 
respectively. 
 
Figure 3. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system from Scenarios 1-3 in Table S4: (A) Effect of influent surface 
loading (); (B) Effect of oxygen surface loading (); and (C) Effect of 
biofilm thickness () on removal efficiencies of TN and dissolved methane 
and microbial community structure of the biofilm. 
 
Figure 4. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system from Scenario 4 in Table S4: the combined effect of HRT and 
oxygen surface loading () on the TN removal efficiency in (A) 3D and (B) 
2D and on the dissolved methane removal efficiency in (C) 3D and (D) 2D. 
The color scale represents removal efficiency in %. The optimal region for 
high-rate simultaneous TN and methane removal is highlighted using dot line. 
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Figure 1. Concept of the membrane biofilm reactor integrating partial nitritation-
Anammox-DAMO process for simultaneous ammonium and dissolved methane 
removal with the potential microbial interactions and biochemical reactions between 
AOB, Anammox bacteria, DAMO archaea, and DAMO bacteria in the biofilm.  
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Figure 2. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system from Scenario 0 in Table S4 (depth zero represents the membrane 
surface at the base of the biofilm): (A) Microbial population distribution; (B) substrate 
profiles; and (C) species-specific nitrogen turnover rates. The applied influent surface 
loading (), oxygen surface loading (), and biofilm thickness () are 0.00068 m 
d-1, 1.74 g m-2 d-1, and 750 µm, respectively.  
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Figure 3. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system from Scenarios 1-3 in Table S4: (A) Effect of influent surface loading 
(); (B) Effect of oxygen surface loading (); and (C) Effect of biofilm thickness 
() on removal efficiencies of TN and dissolved methane and microbial community 
structure of the biofilm.  
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Figure 4. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system from Scenario 4 in Table S4: the combined effect of HRT and oxygen 
surface loading () on the TN removal efficiency in (A) 3D and (B) 2D and on the 
dissolved methane removal efficiency in (C) 3D and (D) 2D. The color scale 
represents removal efficiency in %. The optimal region for high-rate simultaneous TN 
and methane removal is highlighted using dot line. 
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Highlights 
 A new approach for simultaneous TN and dissolved methane removal is proposed. 
 Partial nitritation, Anammox and DAMO is integrated in one single-stage MBfR. 
 A model is developed to assess the system performance under different conditions. 
 The influent and oxygen surface loading jointly determine the overall system performance. 
 The substrate gradients cause stratification of AOB, Anammox and DAMO in biofilm. 
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Biofilm Model 
The MBfR is modeled to consist of two different compartments, i.e., a completely 
mixed gas compartment, representing the membrane lumen operated as flowthrough, 
and a biofilm compartment, containing the biofilm and bulk liquid. The gas 
compartment is connected to the base of the biofilm through a diffusive link. The 
gaseous concentration of oxygen in the gas compartment is determined by the gas 
flow rate together with the applied gas pressure. The flux of oxygen () from the 
gas to the biofilm matrix compartment through the membrane is modeled according to 
Terada et al. (2007) based on Henry law. 
Biofilm structures are represented as a continuum. No diffusive mass transport of 
biomass in the biofilm matrix is considered. The detachment is described using a 
global detachment velocity,   (µm d-1), i.e., the velocity by which particulate 
components are detached from the biofilm surface. The composition of solids 
detached from the biofilm is in accordance with their composition at the biofilm 
surface. The steady-state biofilm thickness is established by controlling the 
detachment velocity in model simulations. The surface detachment velocity is 
modeled based on the biofilm growth velocity,   (µm d-1), the biofilm thickness, 
 (µm), and the desired mean biofilm thickness, ,
  (µm) as follows: 
(Lackner et al. 2008). The detached particulates are assumed 
to be washed out of the system with the effluent. No re-attachment of detached 
particulates is considered in the model. The water fraction of the biofilm matrix is 
kept constant at 0.75, while the biomass density is 50000 g COD m-3 (Koch et al. 
2000). Parameters regarding the mass transfer coefficients for nitrogen species and 
oxygen are selected according to Hao et al. (2002). The mass transfer coefficient for 
methane is adopted from Cussler. (2003). 
 
ude = uF × L f / L f ,mean( )2
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Table S1. Process Kinetic Rate Equations for the Biological Reaction Model 
Process Kinetics rates expressions 
Ammonium oxidizing bacteria (AOB) 
1. Growth of AOB 


 + 


 + 

 
2. Aerobic endogenous 
respiration of AOB 

 + 

 
3. Anoxic endogenous 
respiration of AOB 


 + 


 + 

 
Nitrite oxidizing bacteria (NOB) 
4. Growth of NOB 


 + 


 + 

 
5. Aerobic endogenous 
respiration of NOB 

 + 

 
6. Anoxic endogenous 
respiration of NOB 


 + 


 + 

 
DAMO archaea 
7. Growth of DAMO 
archaea 

 + 


 + 



 + 

,

 + ,

 
8. Aerobic endogenous 
respiration of DAMO 
archaea 


 +

 
9. Anoxic endogenous 
respiration of DAMO 
archaea 



 + 


 + 

 
DAMO bacteria 
10. Growth of DAMO 
bacteria 

 +


 + 



 + 

,

 + ,

 
11. Aerobic endogenous 
respiration of DAMO 
bacteria 


 + 

 
12. Anoxic endogenous 
respiration of DAMO 
bacteria 



 + 


 + 

 
Anaerobic ammonium oxidizing bacteria (Anammox) 
13. Growth of Anammox 


 + 


 + 



 + 

,

 + ,

 
14. Aerobic endogenous 
respiration of Anammox 

 + 

 
15. Anoxic endogenous 
respiration of Anammox 


 + 


 + 

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Table S2. Stoichiometric Matrix for the Biological Reaction Model 
Variable 
Process 
SNH4 
N 
SNO2 
N 
SNO3 
N 
SN2 
N 
SCH4 
COD 
SO2 
O2 
XAOB 
COD 
XNOB 
COD 
XDa 
COD 
XDb 
COD 
XAn 
COD 
XI 
COD 
1 
− ! −
1
#
 
1
#
 
   
−
3.43 − #
#
 
1      
2 
 
 ! −  ' ∗ )     −(1 − )) −1     ) 
3  ! −  ' ∗ )  −
1 − )
2.86
 
1 − )
2.86
 
  −1     ) 
4 − !  −
1
#
 
1
#
 
  
−
1.14 − #
#
 
 1     
5 
 
 ! −  ' ∗ )     −(1 − ))  −1    ) 
6  ! −  ' ∗ )  −
1 − )
2.86
 
1 − )
2.86
 
   −1    ) 
7 − !  1 − #
1.14#
 −
1 − #
1.14#
 
 
−
1
#
 
   1    
8 
 
 ! −  ' ∗ )     −(1 − ))   −1   ) 
9  ! −  ' ∗ )  −
1 − )
2.86
 
1 − )
2.86
 
    −1   ) 
10 − !  −
1 − #
1.71#
 
 
1 − #
1.71#
 −
1
#
 
    1   
11 
 
 ! −  ' ∗ )     −(1 − ))    −1  ) 
12  ! −  ' ∗ )  −
1 − )
2.86
 
1 − )
2.86
 
     −1  ) 
13 
− ! −
1
#
 −
1
#
−
1
1.14
 
1
1.14
 
2
#
 
      1  
14 
 
 ! −  ' ∗ )     −(1 − ))     −1 ) 
15  ! −  ' ∗ )  −
1 − )
2.86
 
1 − )
2.86
 
      −1 )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 Table S3. Stoichiometric and Kinetic Parameters of the Developed Model 
Parameter Definition Value Unit Source 
Stoichiometric parameters 
# Yield coefficient for AOB 0.150 g COD g-1 N Wiesmann 1994 
# Yield coefficient for NOB 0.041 g COD g-1 N Wiesmann 1994 
# Yield coefficient for DAMO archaea 0.071 g COD g-1 COD Chen et al. 2014 
# Yield coefficient for DAMO bacteria 0.055 g COD g-1 COD Chen et al. 2014 
# Yield coefficient for Anammox 0.159 g COD g-1 N Strous et al. 1998 
 ! Nitrogen content of biomass 0.07 g N g-1 COD Henze et al. 2000 
 ' Nitrogen content of XI 0.02 g N g-1 COD Henze et al. 2000 
)  Fraction of XI in biomass decay 0.10 g COD g-1 COD Henze et al. 2000 
Ammonium oxidizing bacteria (AOB) 
 Maximum growth rate of AOB 0.0854 h-1  Wiesmann 1994 
  Aerobic endogenous respiration rate 0.0054 h-1  Wiesmann 1994 


 
 affinity constant for AOB 2.4 g N m-3 Wiesmann 1994 


 
 affinity constant for AOB 0.6 g COD m-3 Wiesmann 1994 


 
 affinity constant for AOB 0.5 g N m-3 Terada et al. 2007 
 Anoxic reduction factor for AOB 0.5 - Koch et al. 2000 
Nitrite oxidizing bacteria (NOB) 
 Maximum growth rate of NOB 0.0604 h-1 Wiesmann 1994 
 Aerobic endogenous respiration rate 0.0025 h-1  Wiesmann 1994 


 
 affinity constant for NOB 5.5 g N m-3 Wiesmann 1994 


 
 affinity constant for NOB 2.2 g COD m-3 Wiesmann 1994 


 
 affinity constant for NOB 0.5 g N m-3 Terada et al. 2007 
 Anoxic reduction factor for NOB 0.5 - Koch et al. 2000 
DAMO archaea 
 Maximum growth rate of DAMO archaea 0.00151 h-1  Chen et al. 2014 
 Endogenous respiration rate 0.00018 h-1  Chen et al. 2014 


 
 affinity constant for DAMO archaea 0.11 g N m-3 Chen et al. 2014 


 
 affinity constant for DAMO archaea 5.888 g COD m-3 Chen et al. 2014 


 
 inhibition constant for DAMO archaea 0.64 g COD m-3 Lopes et al. 2011 
,

 
 inhibition constant for DAMO archaea 57.4 g N m-3 He et al. 2013 
 Anoxic reduction factor for DAMO archaea 0.5 - Adapted from 
Henze et al. 2000 
DAMO bacteria 
 Maximum growth rate of DAMO bacteria 0.0018 h-1  Chen et al. 2014 
 Endogenous respiration rate 0.00018  h-1  Chen et al. 2014 


 
 affinity constant for DAMO bacteria 0.01 g N m-3 Chen et al. 2014 


 
 affinity constant for DAMO bacteria 5.888 g COD m-3 Chen et al. 2014 


 
 inhibition constant for DAMO bacteria 0.64 g COD m-3 Lopes et al. 2011 
,

 
 inhibition constant for DAMO bacteria 57.4 g N m-3 He et al. 2013 


 
 affinity constant for DAMO bacteria 0.5 g N m-3 Adapted from 
Henze et al. 2000 
 Anoxic reduction factor for DAMO bacteria 0.5 - Adapted from 
Henze et al. 2000 
Anaerobic ammonium oxidizing bacteria (Anammox) 
 Maximum growth rate of Anammox 0.003  h-1  Koch et al. 2000 
 Aerobic endogenous respiration rate 0.00013  h-1  Hao et al. 2002 


 
 affinity constant for Anammox 0.05 g N m-3 Hao et al. 2002 


 
 affinity constant for Anammox 0.07 g N m-3 Strous et al. 1998 


 
 inhibition constant for Anammox 0.01 g COD m-3 Strous et al. 1998 
,

 
 inhibition constant for Anammox 400 g N m-3 Lotti et al. 2012 


 
 affinity constant for Anammox 0.5 g N m-3 Terada et al. 2007 
 Anoxic reduction factor for Anammox 0.5 - Koch et al. 2000 
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Table S4. An Overview of the Simulation Scenarios for the Reported Results 
 
  
Scenarios Simulation conditions Variable conditions 
Scenario 0 
Standard simulation of the 
partial nitritation-
Anammox-DAMO 
biofilm system 
 
SNH4 = 1 g N L-1  
SCH4 = 100 g COD m-3 
LIN = 0.00068 m d-1 
LO2 = 1.74 g m-2 d-1 
Lf = 750 µm 
 
Scenario 1 
Effect of LIN on the partial 
nitritation-Anammox-
DAMO biofilm system 
 
SNH4 = 1 g N L-1  
SCH4 = 100 g COD m-3 
LO2 = 1.74 g m-2 d-1 
Lf = 750 µm 
 
LIN = 0.0005 – 0.001 m d-1  
 
Scenario 2 
Effect of LO2 on the partial 
nitritation-Anammox-
DAMO biofilm system 
 
SNH4 = 1 g N L-1  
SCH4 = 100 g COD m-3  
LIN = 0.00068 m d-1 
Lf = 750 µm  
 
LO2 = 1 – 2 g m-2 d-1 
 
 
Scenario 3 
Effect of Lf on the partial 
nitritation-Anammox-
DAMO biofilm system 
 
 
SNH4 = 1 g N L-1  
SCH4 = 100 g COD m-3  
LIN = 0.00068 m d-1 
LO2 = 1.74 g m-2 d-1 
 
Lf = 350 – 1250 µm  
Scenario 4 
Combined effect of LIN 
and LO2 on the partial 
nitritation-Anammox-
DAMO biofilm system 
 
SNH4 = 1 g N L-1  
SCH4 = 100 g COD m-3  
Lf = 750 µm 
 
LIN = 0.0005 – 0.001 m d-1  
HRT = 4 – 8 day 
LO2 = 1 – 2 g m-2 d-1 
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Table S5. System Performance of the MBfR at the Steady-State under the 
Operational Conditions of Scenario 0 in Table S4 
Characteristics/performance Influent Effluent 
Ammonium, NH4+ (g N m-3) 1000 4.9 
Methane, CH4 (g COD m-3) 100 6.6 
Nitrite, NO2- (g N m-3) 0 0 
Nitrate, NO3- (g N m-3) 0 ~30 
TN removal efficiency (%) 95.9 
CH4 removal efficiency (%) 93.4 
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Figure S1. Sensitivity function for TN and dissolved methane removal efficiencies in 
the MBfR. The applied influent surface loading (), oxygen surface loading (), 
and biofilm thickness () are 0.00068 m d-1, 1.74 g m-2 d-1, and 750 µm, respectively. 
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Figure S2. The combined effect of biofilm thickness () and influent surface loading 
() as well as oxygen surface loading () on the TN removal efficiency (A and C) 
and on the dissolved methane removal efficiency (B and D) in the MBfR. The applied 
 ,  , and   are 0.0005 – 0.001 m d
-1
, 1.74 g m-2 d-1, and 450 – 900 µm, 
respectively, for A and B, while 0.00068 m d-1, 1 – 2 g m-2 d-1, and 450 – 900 µm, 
respectively, for C and D. 
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Figure S3. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system in consideration of the potential existence of heterotrophic bacteria 
(HB): (A) Microbial population distribution; (B) TN and dissolved methane removal 
efficiencies with/without considering HB. The additionally applied influent organic 
carbon concentration is 100 g COD m-3 on the premise of Scenario 0 in Table S4. The 
related stoichiometrics and kinetics of HB are directly taken from literature (Lackner 
et al. 2008, Mozumder et al. 2014). 
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Figure S4. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system in consideration of the potential existence of aerobic methanotrophs 
(MOB) from Scenario 0 in Table S4: (A) Microbial population distribution; (B) TN 
and dissolved methane removal efficiencies with/without considering MOB. The 
related stoichiometrics and kinetics of MOB are directly taken from literature 
(Daelman et al., 2014, Castro-Barros et al., 2015). 
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Figure S5. Model simulation results of the partial nitritation-Anammox-DAMO 
biofilm system at a low influent dissolved methane concentration of 30 g COD m-3: 
(A) Microbial population distribution; (B) TN and dissolved methane removal 
efficiencies at the influent dissolved methane concentration of 30 g COD m-3 
compared to those at 100 g COD m-3. The applied influent surface loading (), 
oxygen surface loading (), and biofilm thickness () are 0.00068 m d-1, 1.74 g m-2 
d-1, and 750 µm, respectively.  
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